ABSTRACT Cyclic AMP (cAMP) receptor protein, which acts as the sensor of cAMP levels in cells, is a well-studied transcription factor that is best known for allosteric changes effected by the binding of cAMP. Although genetic and biochemical data on the protein are available from several sources, structural information about the cAMP-free protein has been lacking. Therefore, the precise atomic events that take place upon binding of cAMP, leading to conformational changes in the protein and its activation to bind DNA, have been elusive. In this work we solved the cAMP-free crystal structure of the Mycobacterium tuberculosis homolog of cAMP receptor protein at 2.9 Å resolution, and carried out normal-mode analysis to map conformational transitions among its various conformational states. In our structure, the cAMP-binding domain holds onto the DNA-binding domain via strong hydrophobic interactions, thereby freezing the latter in a conformation that is not competent to bind DNA. The two domains release each other in the presence of cAMP, making the DNA-binding domain more flexible and allowing it to bind its cognate DNA via an induced-fit mechanism. The structure of the cAMP-free protein and results of the normalmode analysis therefore highlight an elegant mechanism of the allosteric changes effected by the binding of cAMP.
INTRODUCTION
Mycobacterium tuberculosis is the causative agent of tuberculosis, and thus is responsible for one of the most dreadful diseases of mankind. In one of the many processes by which M. tuberculosis establishes a successful infection within the host, it modulates the host immune response to its advantage such that it can survive without being adversely affected by the host's immune system. Adenosine 3 0 :5 0 -cyclic monophosphate (cAMP) is believed to play a key role in this modulation of the host's immune system (1, 2) . Moreover, interference in the cellular signaling processes that are mediated by cAMP is believed to be one of the major contributing factors to the attenuation of the widely used vaccine strain, M. bovis BCG (3) . Thus, understanding the signaling events in M. tuberculosis mediated by cAMP, and their influence on both M. tuberculosis and the host, may yield useful insights into M. tuberculosis and host interactions (4) .
cAMP mediates a large variety of cellular signaling processes, including the well-characterized catabolite repression in prokaryotes (5) . The activities of cAMP-mediated signaling are principally exerted via the catabolite activator protein (CAP), which has served as a paradigm for understanding allostery-mediated gene regulation (6) . The dimeric transcriptional regulator in Escherichia coli is allosterically activated by binding to cAMP, thereby triggering a chain of events initiated by its binding to the cognate DNA, recruiting RNA polymerase, and activating expression of several genes in E. coli. The >100 genes that have been identified as regulated by this unique protein are involved in a host of cellular processes. Although originally identified as the positive regulator of catabolic gene functions, CAP has also been found to either activate or repress genes involved in functions other than catabolism. It is therefore also known as cAMP receptor protein (CRP) (5) . The major common feature among all the CRP proteins in prokaryotes is cAMP-mediated DNA binding. The M. tuberculosis CRP homolog (CRP Mt ) encoded by the Rv3676 open reading frame has been characterized for its DNA-binding properties and has been predicted to regulate the expression of several genes in M. tuberculosis (7) (8) (9) .
The crystal structures of various complexes of E. coli CRP (CRP Ec ) have been a rich source for elucidating the structural aspects of DNA recognition (10) , in addition to the wealth of genetic, biochemical, and biophysical data available regarding this protein. The protein itself is composed of three distinct regions of the polypeptide: a large N-terminal domain that binds cAMP, a long a-helix (termed the C-helix) that mediates most of the intermonomer interactions, and a small C-terminal DNA-binding domain. The DNA recognition is mediated by a helix-turn-helix motif composed of E-and F-helices, which position themselves in successive major grooves of a double helical DNA, thereby facilitating the specific recognition of an inverted repeat sequence (10, 11) . The DNA, when bound to the two helix-turn-helix motifs of the two monomers, is severely kinked. The CRP Ec structure has been a useful model for investigating proteininduced, large conformational changes in the DNA structure.
According to the current understanding, cAMP-free CRP Ec is unable to bind DNA with high affinity, or, alternately, it binds to nonspecific sequences. Upon binding to one cAMP molecule, it undergoes a conformational transition that is capable of binding DNA (6) . It is also capable of binding to two, three, or four cAMP molecules, but the specificity of recognition sequentially diminishes beyond two cAMP molecules bound to CRP. The third and fourth binding sites are also termed secondary binding sites because of their low affinity of binding (12) . The physiological consequences of two, three, or four cAMP molecules bound to CRP are currently being debated, as the affinity of CRP for a specific DNA sequence is maximal in the presence of one cAMP molecule. Among the models proposed for different conformational changes, the most commonly accepted one suggests that the two subunits undergo a transformation characterized by a change in their relative orientation upon cAMP binding. Concomitantly, the cAMP-binding domain also undergoes a change in relative orientation with respect to the DNA-binding domain, to correctly juxtapose the DNA-recognition helices. However, despite the rich data available on CRP, the crystal structure of its apoform is as yet unavailable, which severely hampers the visualization of these conformational changes. In this report, we provide the first view, to our knowledge, of the cAMP-free crystal structure of the CRP homolog of M. tuberculosis. Supplemented by a normal-mode analysis, our results allow us to propose a universal mechanism of allostery-mediated DNA recognition of the CRP protein.
MATERIALS AND METHODS
We previously reported the crystallization and data collection of CRP Mt (13) . The three-dimensional diffraction data collected at the XRD1 beamline of the Elettra Synchrotron Light Source (Trieste, Italy) yielded 2.9 Å resolution data, with crystals belonging to the orthorhombic space group P2 1 2 1 2 1 . All attempts to determine the structure through molecular replacement using the known structures as templates failed, suggesting considerable differences in the structure of CRP Mt . Finally, the structure was determined by molecular replacement using AMoRE (14) with the recently deposited coordinates of M. tuberculosis CRP (15) (Protein Data Bank (PDB) ID: 3D0S). The CRP Mt structure reported by us differs from 3D0S by three residues at the N-terminal and has considerable conformational differences, as discussed further below. The structure was refined using Refmac (16) and Phenix (17) , and intermittent modeling was carried out using COOT (18) . During TLS refinement, three groups were defined as follows: group 1, consisting of coordinates 1-116 of the cAMP-binding domain; group 2, consisting of coordinates 117-144 of the C-helix; and group 3, consisting of coordinates 145-214 of the DNAbinding domain. The TLS parameters at the end of refinement were analyzed using TLSANAL. The final refined structure was validated by MolProbity (19) and Procheck (20) . Structure analysis was carried out using locally written scripts and, when mentioned, publicly available programs.
CRP Ec in the absence of cAMP was modeled based on the refined coordinates of CRP Mt , and similarly CRP Mt was modeled in complex with cAMP based on the coordinates of CRP Ec . The two modeled structures were energy-minimized using GROMACS by steepest descent (21) . Normalmode analysis was carried out using the elastic network model available from the ElNemo server (22) . For the normal-mode analysis, end-point apo and holo structures of CRP Ec and CRP Mt were submitted, in each case with one belonging to the crystal structure and the other one belonging to the energy-minimized model. Low-frequency modes that showed good collectivity and high overlap were further analyzed in an attempt to understand the conformational changes. Dynamic cross-correlation matrices were calculated using GROMACS and MATLAB 7.0 (The MathWorks, Natick, MA). Distance plots were calculated using locally written scripts, and the inter-C a distances of all the residues in each structure were calculated and stored. Using these values, when mentioned, differences between the inter-C a distances were calculated for a pair of structures.
RESULTS AND DISCUSSION
Structure determination, crystallographic refinement, and overall structure
The final R and R free values for the refined structure were 0.223 and 0.296, respectively (see Table S1 in the Supporting Material). The structure contains 3328 protein atoms in two subunits, 38 water molecules, and two sulfate ions (see Fig. S4 ). The refined structure shows reasonable geometry as judged by Procheck (20) and MolProbity (19) . More than 90% of the residues fall within the most allowed regions of the Ramachandran plot; only three residues (Ser-75, Gly-166, and Lys-209 of the B-chain) are in the disallowed regions. Two of these three residues are located in the region that has high temperature factors. Because of the limited resolution of our structure, the geometrical weights in the refinement were restrained to the extent that the geometrical restraints did not exhibit large deviations from ideality. Two strong densities in difference maps, located at the noncrystallographic symmetry-related positions of both monomers, were interpreted as sulfate ions because the crystallization buffer contained Li 2 SO 4 . The sulfate ions were placed in both subunits in an identical environment and were located where the phosphates of the cAMP would be placed in the primary binding site. They were stabilized by helix dipole interactions in a canonical manner (23, 24) .
The first 26 residues of one subunit are disordered in the structure, and were modeled only in short fragments where some density was observed. Thus, the two subunits possess residues 2-13, 18-23, and 27-224 in one subunit, and 1-214 residues in the other subunit. The overall tertiary structure of both subunits is similar to that of the well-studied CRP structure of E. coli. Hereafter, we retain the same residue numbers used in the sequence of the M. tuberculosis protein, but we adopt the designation of secondary structures from the well-studied E. coli structure (Fig. S4) . The M. tuberculosis protein has eight additional residues at the N-terminal, which form a short a-helix. Although the significance of disorder in the first 26 residues of one subunit is not clear, it may be hypothetically possible that these residues act as a gate in controlling cAMP's access to its binding site. However, no evidence for such a gating mechanism exists in the literature.
Comparison between the two monomers
The two monomer structures are very similar except for a difference in the relative orientation between the N-terminal cAMP-binding and C-terminal DNA-binding domains.
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When the two monomers are superposed, the root meansquare deviation (RMSD) is 1.73 Å for 152 equivalent C a atoms ( Fig. 1 A) . The RMSD for individual domain superposition is considerably better, with values of 1.29 Å (108 equivalent C a atoms) for the cAMP-binding domains ( Fig. S1 ) and 1.1 Å (54 equivalent C a atoms) for the DNA-binding domains (Fig. S1 ). The difference in relative orientation between the cAMP-binding and DNA-binding domains arises due to a rotation of 27 around an axis placed close to residues 142-145. These residues thus act as a hinge, around which the DNA-binding domain changes orientation with respect to the cAMP-binding domain.
Unlike the recently reported structure of CRP Mt , where superposition of the DNA-binding domains of the two chains yields an RMSD of 3.1 Å , the two DNA-binding domains in our structure match well with each other, with an RMSD of 1.1 Å over 54 equivalent C a positions (15) . The only difference in the conformation of the DNA-binding domains is the relative orientation of the D-helix with respect to the rest of the domain. It is therefore likely that the conformational differences in the DNA-binding domains of the two subunits, as observed in the reported CRP Mt structure, are due to crystal packing effects rather than inherent conformational heterogeneity (15) .
Comparison of our structure with the recently reported cAMP-free CRP Mt structure
The recently reported cAMP-free CRP Mt structure has significant differences in the conformation of its two DNAbinding domains (15) . The asymmetry in the two chains (i.e., the orientations between the two domains), as well as the internal asymmetry within the DNA-binding domains, is reported to be due to the absence of cAMP. On the other hand, our structure shows no internal asymmetry within the individual domains, although the two domains are juxtaposed differently with respect to each other. Since our structure is also devoid of cAMP, it appears unlikely that the absence of cAMP has any effect on the internal asymmetry in the structure. The consistent feature in the two structures is the relative change in orientation between the N-and C-terminal domains, which likely arises due to the absence of cAMP (Fig. 1 B) .
The most noticeable difference between the 3D0S structure and ours is in the helix-turn-helix motif of the B-chains. In the 3D0S structure, the DNA-recognition F-helix is drawn toward the D-helix, which makes its conformation significantly different from that of any other reported structures (RMSD ¼ 1.92 Å for 42 equivalent C a atoms between 3D0S and 1G6N). The conformational difference is spread over the entire DNA-binding domain, as is clearly shown in Fig. 2 A. On the other hand, when the DNA-binding domain of our structure is compared with the cAMP-bound structures of CRP Ec , the major conformational change is seen only in the orientation of the D-helix closer to the hinge point (RMSD ¼ 1.71 Å for 54 equivalent C a atoms of our structure and 1G6N; Fig. 2 B) . As a result of the F-helix packing closely with the D-helix in the 3D0S structure, the D-helix is seen to undergo local unwinding toward its Nand C-termini. This unwinding leads to more van der Waals contacts of Phe-198 with other residues (Fig. 3) , which are different in our structure (Fig. 3) .
The different conformation of the DNA-binding domain in the 3D0S structure may be a consequence of crystalpacking interactions. In the 3D0S structure, this domain is involved in 43 crystal-packing interactions that are closer than 3.5 Å , whereas in our structure it is involved in only FIGURE 1 Least-squares superposition of the two subunits of CRP Mt (3H3U), and CRP Mt (3H3U) and CRP Mt (3D0S). The RMSD values for the superposition (see text for details) using all of the residues (A) is considerably higher than those obtained using the coordinates of only the cAMPbinding domain (Fig. S1) or the DNA-binding domain (Fig. S1 ), reflecting the fact that the two domains are oriented differently in the two subunits. (Table S2 and Table S3 ). Moreover, crystal packing brings this domain closer to the cAMP-binding domain of another molecule. Consequently, the first 26 residues, which are disordered in our structure, are in a wellordered conformation in 3D0S. Thus, the crystal-packing interactions not only affect the conformation of the DNAbinding domain, they also appear to significantly affect the structure of the cAMP-binding domain in 3D0S.
Comparison between cAMP-bound and cAMP-free structures As predicted by previous genetic studies, one of the interesting differences between the cAMP-bound and cAMPfree structures is the change in relative orientation between the cAMP-binding and DNA-binding domains (25) . In the holo CRP Ec structure, the two domains are asymmetrically disposed in the two subunits. One is described as ''closed'', as observed in the ternary complex of CRP Ec , cAMP, and DNA. The ''open'' conformation is observed in the presence of cAMP and the absence of DNA (26) . In our apo structure, this conformation is similar to the ''closed'' conformation in one of the subunits, and different from both the ''open'' and ''closed'' conformations in the other subunit (Fig. 4) . Thus, there are likely to be three distinct conformational states of CRP: ''open'' when bound to cAMP but not to DNA, ''closed'' when bound to both cAMP and DNA, and ''other'' in the absence of cAMP and DNA.
Quantification of the relative rotation with DynDom (29) revealed that the difference in orientation between the cAMP-binding and DNA-binding domains in the two subunits arises due to two principal motions: a small but significant rotation around an axis placed close to the residues just preceding the C-helix, and a larger rotation at the end of the C-helix. The latter motion corresponds to a rotation of 27 anchored at residues 142-145. Apart from the domain rotations, the C-helices of the two monomers also undergo a relative change in their directions. In the holo structures, these helices are juxtaposed at~25
with each other, whereas in the apo structure they are juxtaposed at~18
with each other (Table 1) . It was previously suggested that the two monomers of CRP may reorient upon binding of cAMP (26) . The small but noticeable change in the orientation of the two C-helices as observed in the apo structure confirms this suggestion.
The cAMP-binding sites of both of the subunits in our structure are occupied by Arg-130 and Glu-80 (Arg-123 and Glu-72 of the E. coli sequence, respectively). The guanidino group of Arg-130 is located where the adenine moiety of the cAMP would be placed, whereas Glu-80 is located where the ribofuranose ring would be placed. The occupation of this position by Arg appears to be effected by a change in conformation around the c 3 torsion angle of the Arg side chain, and in addition to simply occluding the cAMPbinding site, it has major consequences for many interactions in this region. As illustrated in Fig. 5 A, in all of the structures of CRP where cAMP is present, the side chain of this Arg is involved in ionic interactions with Glu-72 and Asp-68 on either side of the guanidine group (Glu-80 and Asp-76, respectively, in M. tuberculosis). Moreover, it tethers b-strand 6 of the cAMP-binding domain via interaction with the main-chain carbonyl oxygen of residue 69 (77 in M. tuberculosis). The latter interaction is lost in the apo structure due to the change in conformation of Arg-130 (Fig. 5 B) . Consequently, b-strand 6 and the entire cAMPbinding domain appear to move further away from the C-helix in the apo form. Thus, the loss of interactions of Arg-130 in the apo structure finally manifest in a rigidbody rotation of the cAMP-binding domain away from the C-helix by almost 30 . Reorientation of the cAMP-binding domain as a consequence of ligand binding further leads to several changes in the manner in which this domain interacts with the DNA-binding domain (Fig. 4, A and B) . The change in relative reorientation between the two domains is most visible when the cAMP-binding domains of the apo and holo structures are superposed (Fig. 6 B) . Whereas the two cAMPbinding domains superpose very well with an RMSD of 1.3 Å over 108 residues, the C-helix appears to move distinctly toward this domain in the holo structure (Fig. 6 B) .
Consequently, b-strands 4 and 5 of the cAMP-binding domain occupy the position where the E-helix of the DNA-binding domain is present in the apo structure (Fig. 6 A) . Occlusion of the E-helix leads to an overall rotation of the DNA-binding domain away from its position. Of interest, b-strands 4 and 5 are juxtaposed in a similar manner in both apo and holo structures with respect to the rest of the cAMP-binding domain, with no apparent conformational change as an effect of cAMP binding. Thus, upon cAMP binding, the DNA-binding domain appears to be forced out, resulting in a rigid body rotation around a hinge centered on residues 142-145.
The outward orientation of the cAMP-binding domain in the absence of cAMP results in an exposure of several hydrophobic residues at its interface with the DNA-binding domain (Fig. 6 C) . This further leads to changes in buried accessible areas between the two domains ( Table 1 ). The apo structure of CRP Mt has the highest area buried between the two domains (1013 Å 2 ), which approaches values close to those observed in stable protein/protein complexes (30) . Although the A-chains of all of the structures have very similar tertiary structures, the area buried between the two domains is higher in the apo structure by~25%. Of interest, the B-subunit of the crystal structure in complex with cAMP (PDB code: 1G6N) has the least amount of area buried between the two domains (473 Å 2 ). Thus, an important step in the cascade of events upon cAMP binding appears to be a weakening of interfacial interactions between the cAMP-binding and DNA-binding domain.
Apart from the changes in buried accessible areas, the formation of many ion pairs between residues of the two domains is also observed in the apo structure. For example, Asp-76 (68 in E. coli), which interacts with Arg-130 (123 in E. coli) in the holo structure, is now placed farther away, severing its interaction with Arg-130. As a result, Asp-76 in both subunits in our structure now occupies a position where it can form a salt bridge with Arg-160 (Lys-152 in E. coli) of the last turn of the D-helix of the DNA-binding domain. The absence of this salt bridge in the holo structure is a direct consequence of cAMP binding, as Arg-130 in the holo structure is well placed to interact with Asp-76. Thus, the overall consequence of binding of cAMP to CRP is a triggering of the reorientation of the cAMP-binding domain with respect to the C-helix and the DNA-binding domain, with Arg-130 (123 in E. coli) playing a pivotal role in initiating this event. The reorientation brings the two domains closer in the absence of cAMP, with the centroids of the two domains closer by~4 Å ( Table 2 ). 
Genetic studies have revealed that the hinge residues in CRP Ec (residues 138-141) interact closely with the F-helix. These residues therefore affect the distance between the F-helix and the hinge, where bulkier substitutions in these residues lead to CPR* mutants (25) . In our structure, the corresponding residues (Asp-145, Gly-148, and Ala-151) are also in close proximity to the F-helix, where Ala-151 forms close van der Waals interactions with Phe-198 of the F-helix (Fig. 3) . This contact is similar to the Ala-144-Leu-190 van der Waals contact in CRP Ec . The presence of Phe in CRP Mt at the same place as Leu-190 in CRP Ec makes CRP Mt resemble CRP*. It is therefore clear that bulky substitutions in these residues will lead to outward protrusion of the F-helix, as predicted from the genetic studies (25) .
The cAMP-free NMR structure of CRP Ec has recently become available, which allows us to carry out a comparative analysis between apo CRP Ec and CRP Mt (26) . Of interest, the second half of the C-helix is seen to be highly flexible in the NMR structure, whereas this region has some of the lowest B-factors in the two crystal structures of CRP Mt . This region precedes the hinge between the two domains. In the two crystal structures of CRP Mt , the hinge has high temperature factors in the B-chain but low temperature factors in the A-chain. The high B-factors in one chain may reflect structural disorder of the hinge. Thus, the NMR and crystal structures have subtle but important differences. The two crystal structures appear to suggest a flexible hinge flanked by rigid Due to the reorientation between the cAMP-and DNAbinding domains, a small hydrophobic core is formed at their interface in the apo structure. Two side chains each from the two domains contribute to the formation of the hydrophobic core. The two domains also now bury a larger accessible surface between them, as shown in Table 2 . domains, giving rise to a fulcrum-like motion. The NMR analysis, on the other hand, suggests a wider flexible region of the structure, starting from the middle of the C-helix. In the cAMP-free NMR structure, Trp-85 occupies the cAMP-binding pocket (26) . This residue is Ser in CRP Mt , when sequences of CRP Ec and CRP Mt are aligned. However, a closely located structurally equivalent Phe-38 in CRP Mt appears to function in the same manner as Trp-85. As in the NMR structure, Phe-38 occupies the cAMP-binding pocket. This placement of Phe-38 is further stabilized by Phe-78 and Tyr-48 drawing closer via aromatic interactions. The role of Trp-85 in CRP Ec was previously predicted by the results of fluorescence studies (27) , which are therefore in agreement with the NMR analysis (26) and the two crystal structures of CRP Mt (15) (this work).
Paths of conformational changes
One of the most powerful ways to study conformational changes in proteins is to construct distance maps and then analyze the differences in the distance maps between two conformational states of the protein of interest (31) . Such an analysis can yield information regarding the most and least variable regions between two conformational states of the protein. Because CRP exists in three major conformational states, we constructed distance maps for three states of CRP: the apo form (this work), the CRP þ cAMP complex (28) (PDB: 1G6N) , and the CRP þ (cAMP) 2 þ DNA ternary complex (10) (PDB: 1O3T). The two difference distance maps (one between the first two states, and one between the last two states) clearly show that there are no noticeable changes within the two domains (i.e., the cAMP-binding and DNA-binding domains); rather, most changes occur across the two domains. Of interest, although the entire DNA-binding domain shows large movement away from the cAMP-binding domain, the region spanning the last two turns of the E-helix until the first turn of the F-helix appears invariable when the apo and holo structures are compared (Fig. S2 A) . This is also apparent when the binary and ternary complexes are compared (Fig. S2 B) . Thus, this region of the polypeptide may act like a fulcrum during the reorientation of the two domains (Fig. 7 A) .
Further, in a comparison of the maps of apoCRP and holo CRP, the residues of the C-helix also show large deviations away from both the cAMP-and DNA-binding domains (Fig. S2 A) . These residues of the C-helix do not show as large deviations when the holoCRP is compared with the ternary complex of the CRP structure. It thus appears that there are two conformational transitions in CRP: one when CRP binds cAMP, poising it to bind the cognate DNA, and the other when the cAMP-bound CRP comes in contact with the cognate DNA. In the former, not only is the DNAbinding domain reoriented with respect to the cAMP-binding domain, but the C-helix also shows significant variations in conformation. In the latter, a mere change in the conformation of the DNA-binding domain is sufficient for it to recognize the cognate DNA. These observations are in agreement with our conclusions based on superpositions of the DNA-binding domains as discussed above.
To map the paths of conformational change from the apo structure to the holo structure, we analyzed low-frequency normal modes that showed maximal overlap and collectivity of motions. Since the six lowest-frequency normal modes represent trivial motions, this analysis was carried out for mode 7 onward. Normal-mode analysis of CRP Ec based on the cAMP-bound crystal structure of E. coli and the model of its apo structure using CRP Mt as a template showed that mode 13 had the maximum overlap (44%) and collectivity (58%). Similarly, normal-mode analysis of CRP Mt using the apo crystal structure (this work) and the model of its holo form using CRP Ec as a template showed that mode 16 had the maximum overlap (33%) and collectivity (55%). Of interest, the dynamic cross-correlation matrices of these two normal-mode calculations are very similar (Fig. S3, A and B), and therefore might yield useful insights into the paths of conformational changes.
The two normal-mode analyses reveal that the cAMP-and DNA-binding domains exhibit overall anticorrelated motions. This observation agrees well with our crystallographic analyses discussed in the preceding paragraphs. The anticorrelated movements of the two domains are analogous to breathing motions, and may be a direct consequence of the allosteric effects of cAMP binding. Of interest, regions of the polypeptide, including b-strands 4 and 5 of the cAMPbinding domain, and b-strand 10 and the E-helix of the DNA-binding domain, show significant correlated motions. These regions span the two domains but are structurally proximal. It is therefore apparent that the motions of the two domains are communicated through these regions of the polypeptide.
The intermediate deformed structures of the selected normal modes have the ability to reveal paths of conformational changes (32) . The normal-mode analyses of CRP Mt and CRP Ec using apo and holo structures elegantly reveal the conformational changes required to attain one end-point structure starting from another. By superimposing the cAMP-binding domains of all the intermediate structures, we show that not only do the two domains exhibit substantial dynamic behavior, but the C-helix also plays an important role in the change in the conformation of the cAMP binding domain (Fig. 7 B) . As noted above, the C-helices were seen to undergo a relative change in orientation by~6
. The residues that act like a hinge are also apparent in the superposed structures of intermediate conformations (Fig. 7 B) . These hinges appear to be responsible for the motion of b-strands 4 and 5, and the entire region spanning the C-helix and the DNA-binding domain with respect to the cAMP-binding domain.
Apart from a rigid-body rotation between these two helices, they are also seen to exhibit significant flexible motion, with substantial elasticity analogous to that of a long pole (see movies in the Supporting Material). This spring-like movement of the C-helices (Fig. 7 C) has an effect in altering the local interactions toward the C-terminal end of the helix. In the two monomers, these interactions are noticeably different. Thus, the paths of conformational changes between the two domains appear to be communicated in an interplay of bending of the C-helix and hingelike motion centered around residues 141-145, with the fulcrum being provided by the last two turns of the E-helix and the first turn of the F-helix.
Thus, the overall effect of cAMP binding on CRP begins with reorientation of side chains in the cAMP-binding pocket, followed by drawing of the cAMP-binding domain toward the C-helix and concomitant weakening of interactions between the cAMP-and DNA-binding domains. This leads to enhanced flexibility of the DNA-binding domain as it is released from the rest of the body of the protein.
The enhanced flexibility of the DNA-binding domain has further repercussions on the plasticity of the C-helix, with the two together accounting for large swings of the DNAbinding domain in conformational space. The cAMPinduced flexibility of the DNA-binding domain can be elegantly explained by the reported genetic and biochemical data on the protease sensitivity of CRP (6) . In the absence of cAMP, CRP is resistant to proteases, but in the presence of micromolar concentrations of cAMP it becomes sensitive to a variety of proteases, generating an N-terminal polypeptide. The apoCRP Mt structure clearly shows that the mobility of the DNA-binding domain is restricted in the absence of cAMP due to its close interactions with the cAMP-binding domain, but is more flexible in the presence of cAMP. This increase in flexibility can be correlated with its susceptibility to proteolysis. Similarly, ANS binding to hydrophobic surfaces also can be correlated with the ''open'' apo structure and the ''closed'' holo structure. Finally, the release of the DNA-binding domain from the body of the CRP structure in the presence of cAMP, and the concomitant increase in its flexibility, make it adept in binding to the correct DNA sequence by an induced fit.
It is noteworthy that the DNA-recognition F-helices are parallel only in the DNA-bound form of the structures; in the absence of DNA, these helices are not oriented parallel to each other. Parallel juxtaposition of the F-helices is of paramount importance in sequence-specific DNA recognition because these helices are placed in successive major grooves of the DNA. Our proposed mechanism suggests that even though the F-helix of one subunit would be able to place itself in the cognate recognition sequence of the DNA, the F-helix of another subunit would bind DNA only by an induced fit. Thus, the key feature of sequence-specific recognition of DNA lies in the flexibility of the DNA-binding domain only in the presence of the ligand, cAMP. We thank Doriano Lamba, Maurizio Polentarutti, and other staff members of the XRD1 beamline at the Elettra Synchrotron Light Source for help during data collection. This work was supported by a grant from the Centres of Excellence, Department of Biotechnology, government of India, and a grant from the Department of Science and Technology, government of India, to S.C.M. P.K. is a Senior Research Fellow supported by the University Grants Commission. S.E.H. is a JC Bose National Fellow. We also thank the Department of Science and Technology for travel support for data collection.
